Two D-ketohexose 1,6-diphosphate aldolases are present in Streptococcus cremoris E8 and S. lactis C10. One aldolase, which was induced by growth on either lactose or galactose, was active with both tagatose 1,6-diphosphate (TDP) and fructose 1,6-diphosphate (FDP), having a lower Km and a higher Vmax with TDP as the substrate. This enzyme, named TDP aldolase, had properties typical of a class I aldolase, being insensitive to EDTA and showing substrate-dependent inactivation by sodium borohydride. Sodium dodecyl sulfate-gel electrophoresis indicated a subunit molecular weight of 34,500. The amino acid composition of TDP aldolase is reported. When the enzyme was incubated with either triose phosphates or FDP, the equilibrium mixture contained an FDP/TDP ratio of 6.9:1. The other aldolase, which had properties typical of a class II aldolase, showed activity with FDP but not with TDP. The intracellular TDP concentration, measured with the purified TDP aldolase, was 0.4 to 4.0 mM in cells growing on lactose or galactose and was lower (0 to 1.0 mM) in cells growing on glucose. The intracellular concentration of FDP was always higher than that of TDP. The role of ketohexose diphosphates in the regulation of end product fermentation by lactic streptococci is discussed.
TDP as the substrate. This enzyme, named TDP aldolase, had properties typical of a class I aldolase, being insensitive to EDTA and showing substrate-dependent inactivation by sodium borohydride. Sodium dodecyl sulfate-gel electrophoresis indicated a subunit molecular weight of 34,500. The amino acid composition of TDP aldolase is reported. When the enzyme was incubated with either triose phosphates or FDP, the equilibrium mixture contained an FDP/TDP ratio of 6.9:1. The other aldolase, which had properties typical of a class II aldolase, showed activity with FDP but not with TDP. The intracellular TDP concentration, measured with the purified TDP aldolase, was 0.4 to 4.0 mM in cells growing on lactose or galactose and was lower (0 to 1.0 mM) in cells growing on glucose. The intracellular concentration of FDP was always higher than that of TDP. The role of ketohexose diphosphates in the regulation of end product fermentation by lactic streptococci is discussed.
Lactose transport in lactic streptococci (Streptococcus cremoris and S. lactis) involves a phosphoenolpyruvate-dependent phosphotransferase system (26, 37) similar to that in Staphylococcus aureus (28) . The lactose phosphate formed is hydrolyzed by phospho-,Bgalactosidase (16, 18) , giving D-glucose and D-galactose 6-phosphate (37) . The D-tagatose 6-phosphate pathway, which was first demonstrated in Staphylococcus aureus (2, 4) and later in group N streptococci (3) , is involved in the metabolism of galactose 6-phosphate to triose phosphates via the intermediate formation of Dtagatose 6-phosphate and D-tagatose 1,6-diphosphate (TDP). In Staphylococcus aureus the tagatose 6-phosphate pathway is required for utilization of galactose as well as lactose (4) . However, lactic streptococci have the enzymatic potential to metabolize galactose via two initially separate routes, namely, the D-tagatose 6-phosphate pathway and the galactose 1-phosphate pathway (Leloir pathway) (3) . Depending on the strain and on the exogenous galactose concentration, one or both pathways appear to operate (36) . Galactose fermentation was heterolactic (36) and lactose fermentation was homolactic (33) with most S. lactis and S. cremoris strains. When the strains were growing on galactose, the intracellular levels of both the lactate dehydrogenase activator (fructose 1,6-diphosphate [FDP] ) and pyruvate-formate lyase inhibitors (triose phosphates) were reduced, possibly accounting for the diversion of lactate to other products (36) . The lactate dehydrogenase from S. lactis (8, 32, 33) and S. cremoris (17, 19, 32, 33) is dependent upon FDP for activity, whereas TDP appears to be the only other effective activator (32, 33) . However, the intracellular TDP concentrations have not been estimated due to lack of the appropriate aldolase in pure form, and the total intracellular concentration of activator for lactate dehydrogenase may be greater than indicated by the intracellular concentration of FDP alone. It is therefore necessary to measure the cellular TDP concentrations as well as FDP concentrations in investigations concerning the role of ketohexose diphosphates in the regulation of end products.
The three enzymes from Staphylococcus aureus involved in the tagatose 6-phosphate pathway, D-galactose 6-phosphate isomerase (7), Dtagatose 6-phosphate kinase (5) , and TDP aldolase (6) , have been studied in some detail. The TDP aldolase is a class I aldolase as it was not inhibited by EDTA, had no divalent metal ion requirement, and was inactivated by sodium borohydride in the presence of substrate (6) . The three enzymes from lactic streptococci have not been studied.
The present study reports on (i) the purification and properties of TDP aldolase from S. cremoris E8 and (ii) the use of this enzyme to measure the intracellular TDP concentration in lactic streptococci.
MATERIALS AND METHODS
Organisms and culture conditions. All strains were from the collection held at the New Zealand Dairy Research Institute. S. lactis ATCC 11454 was originally obtained from the American Type Culture Collection, Rockville, Md., and is designated here as strain 133. Strain 133 Lac-is a spontaneous lactose-negative variant isolated and kindly supplied by G. P. Davey.
Static batch cultures were grown at 30°C in T5 complex broth (35) which contained 28 mM galactose or glucose or 14 mM lactose; the initial pH was 7.2. Standardized carbohydrate solutions were filter sterilized before addition to autoclaved broth. Cells were grown for at least 20 generations on the appropriate carbohydrate before use in experiments.
Aldolase assays. The standard assay (1 ml) contained 50 mM triethanolamine-hydrochloride buffer (pH 7.8), 0.25 mM NADH, nonlimiting amounts of the coupling enzymes a-glycerolphosphate dehydrogenase (1.2 U) and triose phosphate isomerase (11.5 U), limiting amounts of aldolase, and either 5 mM FDP or 0.16 mM TDP. Rates were corrected for NADH oxidase activity which was measured before addition of ketohexose diphosphate. The reaction was followed at 340 nm (25°C), using a Gilford model 250 spectrophotometer. The rate was proportional to aldolase concentration and was initially constant with time. One unit of aldolase activity was defined as the amount of enzyme that catalyzed the cleavage of ketohexose diphosphate at an initial rate of 1 1LmoUmin. The unit will be prefixed by TDP or FDP to identify the substrate used. The unsaturating TDP concentration (0.16 mM) was routinely used to conserve TDP.
Extraction and assay of intermediates. Cells growing exponentially were extracted with perchloric acid, and the intermediates were assayed enzymatically in neutralized extracts, using a fluorescence spectrophotometer (24, 36) . D-Glyceraldehyde 3-phosphate (GA3P), dihydroxyacetone phosphate (DHAP), and FDP were assayed by using the glyceraldehyde 3-phosphate dehydrogenase method (24) . For TDP assay, purified TDP aldolase was added after assay of FDP with rabbit muscle FDP aldolase (which does not cleave TDP [32] ). The reaction mixture (2.5 ml) contained 50 mM imidazole-HCl buffer (pH 7.0), 20 mM sodium arsenate, 3.3 mM cysteine-HCl, and 1 mM NAD+. The sample (10 to 100 pl) was added followed by the four coupling enzymes (10 ,ul each) in the order: rabbit muscle glyceraldehyde 3-phosphate dehydrogenase (4 U); rabbit muscle triose phosphate isomerase (30 U); rabbit muscle FDP aldolase (1 U), and TDP aldolase (0.6 U), which was free of NADH oxidase activity and was prepared as described in this paper (specific activity, 21 TDP U per mg of protein). The intracellular concentrations of intermediates were calculated on the basis that 1 g (dry weight) of cells was equivalent to 1.67 ml of intracellular fluid (cytoplasm) (38) .
The above glyceraldehyde 3-phosphate dehydrogenase method was used to measure the equilibrium products of TDP aldolase. A 0.2-ml sample from the reaction mixture was quenched by the addition of 0.1 ml of 10% trichloroacetic acid, stored on ice, and assayed after the addition of 100 ,ul of 1 M triethanolamine-HCl buffer (pH 7.8).
Purification of TDP aldolase from S. cremoris E8. Cultures were grown at 30°C in T5 complex broth containing 28 mM galactose. Cells (-3 g, dry weight) were harvested near the end of the logarithmic phase, washed in 200 ml of 50 mM phosphate buffer (pH 6.7) containing 1 mM dithioerythritol, and suspended in 70 ml of the same buffer. All subsequent steps were carried out at 0 to 4°C. Cells were disrupted by shaking for 2 min with glass beads in a Mickle disintegrator, and debris was removed by centrifugation at 23,500 x g for 5 min. Nucleic acids were precipitated from the cell-free extracts by dropwise addition of streptomycin sulfate (1o, wt/vol; final concentration, 0.75%). After standing for 45 min, the precipitate was removed by centrifugation at 23,500 x g for 15 min. Solid ammonium sulfate was added to the supernatant (43.6 g/100 ml) over a 5-min period to bring the solution to 70%o saturation. After standing for 30 min, the solution was centrifuged at 23,500 x g for 15 min. Ammonium sulfate (17.1 g/100 ml) was added to the supernatant to bring the solution to 95% saturation. After standing for 30 min, the precipitate was collected by centrifugation (23,500 x g for 15 min). The precipitate was redissolved in 5.0 to 6.0 ml of 50 mM Tris-hydrochloride buffer containing 100 mM KCl and 1 mM dithioerythritol (pH 8.2) and dialyzed against the same buffer (2 x 2 liters) for at least 15 h. The dialyzed sample was applied to a DEAE-cellulose column (16-by 2.5-cm column of DE52 Whatman resin) preequilibrated in the same dialysis buffer. The column was eluted with 200 ml of the initial buffer (50 mM Tris-hydrochloride buffer containing 100 mM KCI and 1 mM dithioerythritol, pH 8.2) before the following gradient was started: 325 ml of initial buffer mixing with 325 ml offinal buffer (50 mM Tris-hydrochloride buffer containing 300 mM KCI and 1 mM dithioerythritol, pH 7.9). Fractions containing TDP activity with a specific activity of >15 U per mg of protein were pooled and concentrated to 4 to 5 mg of protein per ml by ultrafiltration, using a XM-50 Diaflo membrane. The sample was dialyzed for 15 h against 2 liters of 50 mM phosphate buffer (pH 7.2) containing 1 mM dithioerythritol. A sample (2 to 3 ml) was loaded onto a column (56 by 2.6 cm) of Sephacryl S-200 preequilibrated in dialysis buffer. The fractions containing TDP aldolase with high specific activity (>15 U per mg of protein) were pooled and concentrated by ultrafiltration to 4 to 6 mg of protein per ml.
Borohydride treatment. The borohydride treatment method used was that described by Grazi et al. (12) . The reaction mixture (3 ml) contained 50 mM sodium acetate buffer (pH 6.0), 10 mM DHAP, and 500 ,ug of purified aldolase. Sodium borohydride (300 ,uJ, 0.5 M) was added as six aliquots. Each aliquot was added over a 1-min period with a 2-min interval between additions. The pH was maintained at 6.0 by automatic addition of 2 M acetic acid. Samples were removed at intervals for assay of aldolase activity.
Sodium dodecyl sulfate-polyacrylamide gel electro- (39) with 10%o acrylamide gels was used for electrophoresis. Subunit molecular weight was determined by comparison of the mobility of the purified TDP aldolase with those of proteins having known molecular weights (39) . The protein standards used were: gamma globulin (rabbit), RNase A (bovine pancreas), chymotrypsinogen A (bovine pancreas; Miles-Seravac), ovalbumin, bovine serum albumin (BDH), glyceraldehyde 3-phosphate dehydrogenase (rabbit muscle), glutamate dehydrogenase (bovine liver), aldolase (rabbit muscle), pyruvate kinase (rabbit muscle), and alcohol dehydrogenase (yeast).
Native enzyme molecular weight. The apparent molecular weight of the purified TDP aldolase from S. cremoris E8 was determined on a Sephacryl S-200 column (2.5 by 75 cm), using 50 mM potassium phosphate buffer (pH 7.4) containing 0.3 mM dithiothreitol. The following protein standards were used: cytochrome c (horse heart), trypsinogen (bovine pancreas), ovalbumin, bovine serum albumin, aldolase (rabbit muscle), and glutamate dehydrogenase (bovine liver).
Amino add analysis. The amino acid analysis of the purified TDP aldolase from S. cremoris E8 was determined with a Locarte MK IV amino acid analyzer on samples hydrolyzed under vacuum for 24 h in 6 M HCI at 110°C. Tryptophan was determined spectrophotometrically by the method of Edelhoch (11) .
Other procedures. Bacterial density was determined directly by using membrane filters (34) . Protein was determined by a modification (15) of the Lowry method, using bovine serum albumin as the standard.
Materials. Unless otherwise specified, all biochemicals were obtained from Sigma Chemical Co., St. Louis, Mo., and were the grades with highest analytical purity. Sephacryl S-200 was obtained from Pharmacia Fine Chemicals, Uppsala, Sweden. TDP was prepared as described by Thomas (32) and used as the sodium salt. L-GA3P was prepared and assayed as described by Crow and Wittenberger (9) .
RESULTS
Specific activities of TDP aldolase from strains of S. lacus and S. cremoris. The specific activity and affinity for TDP of TDP aldolase was measured in cell-free extracts from a number of S. lactis and S. cremoris strains (Table 1) to determine the best source of the enzyme. In the five S. cremoris strains the specific activity of TDP aldolase was at least twofold higher in galactosegrown cells than in lactose-grown cells, whereas glucose-grown cells possessed little activity. The sugar in the growth medium had a similar effect on enzyme specific activity with two S. lactis strains (C1o and H1), whereas the other three strains had little or no activity when grown on glucose and there was little difference between the activities with galactose-and lactosegrown cells. The Km values for TDP, determined from Lineweaver-Burk plots and using crude extracts from all of the strains listed in Table 1 , ranged from 0.1 to 0.4 mM. The TDP aldolase in S. cremoris E8, grown on galactose, had a high specific activity (1.7 U per mg of protein) and a low Km (0.1 mM), making it a suitable enzyme for purification.
Purification. Results of a typical purification of TDP aldolase from S. cremoris E8 are summarized in Table 2 . A 13.5-fold purification of TDP aldolase was achieved with a yield of 30%. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the purified TDP aldolase (10 to 80 ,ug of protein loaded) indicated the presence of one band correpsonding to a subunit molecular weight of 34,500. The single protein peak and (Fig. 1) contained a high ratio of FDP/ TDP aldolase activity (21:1). The low amount of TDP aldolase activity was due to trailing of peak I, evident when fractions (69 to 80) of peak II (Fig. 1) were pooled, concentrated, and rerun through an identical DE-52 column. The aldolase activity offractions from this rerun showed a small FDP/TDP aldolase peak followed by a large FDP peak containing -95% of the FDP aldolase activity present in the total fractions.
The fractions corresponding to the latter half of this second peak were concentrated to 2 to 4 mg of protein per ml. This concentrate was designated FDP aldolase (no activity detected with 1.6 mM TDP) and used in comparative studies with the purified TDP aldolase.
Properties of TDP aldolase. The properties of TDP aldolase were studied with both FDP and TDP as substrates to further investigate the apparent involvement of one enzyme in both activities ( Table 3 ). The pH optimum for both substrates was 7.0 to 7.3, whereas activity at pH 6.6 b The standard assay procedures were used except that, for the TDP aldolase assay with FDP as the substrate, the FDP concentration was 0.5 mM. The concentrations of EDTA, MgCl2, and NaCl were varied over the appropriate ranges.
c Treatment with NaBH4 is described in the text, and activity after 20 min is expressed as percent activity lost compared with activity at time zero.
d The pH optima were determined with 50 mM imidazole-HCl buffer (pH 6.6 to 7.6) and either 0. 16 (Fig. 2) . At near-saturating concentrations of one substrate, the effect on activity of the two substrates was not additive but competitive. This suggests that the cleavage of TDP and FDP is catalyzed by the same enzyme. The TDP aldolase from S. lactis C1o grown on lactose was purified, to a specific activity of 12 U per mg of protein, by the same procedure as described for S. cremoris E8 except that the Sephacryl S-200 column was not used. The DE-52 gradient separated out two aldolase activity peaks in the same manner as for S. cremoris E8 (Fig. 1) . The EDTA sensitivities, the pH optima, and the Km and Vma,, values of the two aldolases from S. lactis Clo were similar to those studied in more detail from S. cremoris E8-Amino acid analysis. Amino acid analysis of the purified TDP aldolase from S cremoris E8 revealed the presence of all of the common amino acids except cysteine ( Table 4) .
Properties of FDP aldolase. The properties of FDP aldolase, partially purified from S. cremoris E8, were studied in relation to those of the purified TDP aldolase ( Table 3 ). The pH optimum was higher for the FDP aldolase, whereas the Km value for FDP (1.1 mM) was 4.4 times higher than that obtained with the TDP aldolase. In contrast to the TDP aldolase, the FDP aldolase was sensitive to EDTA and insensitive to NaCl. Furthermore, the presence of DHAP during NaBH4 treatment of FDP aldolase did not increase the degree of inhibition. The FDP aldolase, when assayed under standard conditions, showed no activity with either 0.16 or 1.6 mM TDP.
Products of the TDP aldolase reaction at equilibrium. When FDP was incubated with TDP aldolase there was a gradual increase in the concentration of TDP (Fig. 3A) . Steady-state concentrations of FDP, TDP, DHAP, and D-GA3P were reached within 240 min such that the FDP/TDP ratio was 7:1 and the Keq was 6.25 x 10-5 M. The steady-state concentration of triose phosphates was reached after -30 min of incubation, whereas at the same time the TDP concentration was only half the steady-state value.
Starting with equimolar concentrations of D-GA3P and DHAP, the initial rate offormation of both FDP and TDP was the same for the first 2 min of incubation (Fig. 3B) . Thereafter, the apparent rate of TDP formation decreased much faster than the rate of FDP formation. At equilibrium, the FDP/TDP ratio was 7. No triose phosphate isomerase activity was evident in these experiments as the ratio of GA3P to DHAP was the same (i.e., 1:1) for the duration of the experiment. The Lisomer of GA3P was not a substrate for the TDP aldolase as incubation with 5 mM L-GA3P and 2.5 mM DHAP gave no reaction products. In one experiment, using rabbit muscle aldolase incubated under the same conditions as in Fig.   3A , a Keq value of 5.1 x 10-5 M was obtained.
Intracellular concentrations of FDP and TDP. The in vivo concentrations of FDP and TDP were measured in strains of S. lactis and S. cremoris growing on galactose, glucose, or lactose ( Table 5 ). The intracellular concentrations of GA3P and DHAP are not shown but the respective values ranged from 0.3 to 0.7 and 3.6 to 8.0 mM. In the S. lactis strains growing on glucose, the TDP concentration was either not detectable or very low (<0.05 mM), whereas the TDP concentration was higher (0.2 to 1.0 mM) in S. cremoris strains growing on glucose. Relative to the concentration found in cells growing on glucose, the TDP concentration was FDP aldolases have been subdivided into two main classes (27, 29) . Aldolases of class I are typified by the rabbit muscle aldolase, which forms a Schiff base between the e-amino group of a specific lysine residue and the carbonyl group of the substrate. Thus, class I aldolases are irreversibly inhibited by borohydride in the presence of substrate but are not inhibited by EDTA. The TDP aldolase from S. cremoris (and S. lactis) shows these characteristic properties of a class I aldolase. On the other hand, the FDP aldolase from S. cremoris (and S. lactis) is not inhibited by sodium borohydride in the presence of substrate but is inhibited by EDTA. These characteristics are possessed by class II (metalloenzyme) aldolases typified by yeast aldolase. Other differences between the two aldolases from S. cremoris (and S. lactis) include the pH optima, the Km values for FDP, and the effect of Na+ (Table 3) .
The TDP aldolase from S. cremoris has the following similarities to the enzyme from Staphylococcus aureus (6): (i) both are class I type aldolases; (ii) subunit molecular weights are similar (34,500 and 37,000, respectively); (iii) both have a higher affinity and Vma with TDP relative to FDP as the substrate; (iv) the TDP aldolases from both S. cremoris and Staphylococcus aureus show no activity towards fructose 1-phosphate, in contrast to typical class I aldolases; and (v) both enzymes can operate in the reverse direction, using only DHAP and the Disomer of GA3P as substrates to form a mixture of D-ketohexose 1,6-diphosphates. This mixture from Staphylococcus aureus (6) includes sor- (1, 6, 10, 13, 21, 23, 30) , class I aldolases. The relationship of these class I aldolases from bacteria to the more common (class II) bacterial aldolases and to the mammalian class I aldolases (e.g., rabbit muscle) has received limited study (20, 21) . Lebherz et al. (20) concluded that the structure and perhaps the mechanism of the class I aldolase from Micrococcus aerogenes may be quite different from those of the class I aldolases of eucaryotic cells. The TDP aldolase from S. cremoris has some similarities with the M. aerogenes aldolase. For example, the cysteine composition of the M. aerogenes aldolase was low (no more than 0.3 residue per subunit) and no cysteine was detected in the TDP aldolase from S. cremoris. Lebherz et al. (20) suggested that, in contrast to the mammalian enzymes, cysteinyl residues are not involved in the catalytic function of M. aerogenes aldolase. This should also apply to the TDP aldolase from S. cremoris. In addition to cysteine being different in M. aerogenes, histidine, threonine, glycine, methionine, and tyrosine were judged (20) to be significantly different from rabbit A (class I aldolase) and yeast (class II aldolase). Of these amino acids only the histidine and glycine composition in the TDP aldolase from S. cremoris was similar to the M. aerogenes aldolase. The isoleucine composition of the TDP aldolase was low compared with other aldolases (20) . The amino acid composition differences between these two aldolases may indicate some significant differences within the bacterial class I ketohexose diphosphate aldolases, although complete structures would be necessary to substantiate these differences.
The purified TDP aldolase has been used to estimate the intracellular TDP concentration in a number of lactic streptococci (Table 5 ). In cells growing on galactose or lactose the average intracellular FDP/TDP ratio was 8.9:1, which is similar to the value (6.9:1) found for the purified TDP aldolase at equilibrium. Participation of the Leloir and D-tagatose 6-phosphate pathways in the metabolism of galactose varied in different strains of lactic streptococci (36) . The presence of TDP in cells does not necessarily indicate use of the D-tagatose 6-phosphate pathway since this metabolite may arise from a reversal of the TDP aldolase reaction. This is most evident in S. cremoris cells growing on glucose, where there are significant concentrations of TDP which are unlikely to arise from phosphorylation of tagatose 6-phosphate. These S. cremoris strains (Table 1) have lower TDP aldolase specific activity when grown on glucose relative to galactose or lactose, but activity must be sufficient to form some TDP from the triose phosphates.
Although the intracellular TDP concentration varied with the strain and the growth sugar, the concentration was always considerably less than the intracellular FDP concentration. When S. lactis strains ML3 and H1 and S. cremoris strains E8, HP, and AM2 are growing on galactose with heterolactic fermentation (36) , both the intracellular FDP and TDP concentrations are lower than the respective concentrations when cells are growing on lactose with homnolactic fermentation. S. lactis ML8 was unique in producing only lactate from galactose (36) and this strain has, in contrast to a decrease, slightly increased intracellular concentrations of both FDP and TDP compared with cells growing on lactose (Table 5 ). S. lactis 7962 is atypical of lactic streptococci since lactose fermentation is heterolactic in batch culture, even less lactate being produced than from galactose (36) . This strain had lower intracellular concentrations of both FDP and TDP when growing on lactose compared with galactose. TDP and FDP are the only two known activators of lactate dehydrogenase from lactic streptococci (32, 33) , and up to now the contribution of TDP to the total intracellular ketohexose diphosphate concentration was not known. This study has shown that the intracellular FDP concentration is greater than the TDP concentration; thus, FDP will be the more important lactate dehydrogenase activator in vivo. 
